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Abstract 
We evaluated the application-oriented suitability of electrostatic fields and laser-induced discharges to enhance both debris 
removal and ablation rate during ultrashort pulse laser drilling of copper. The electric field was varied to either induce or prevent 
laser-induced electric discharges. Results show that debris is expelled to a much greater distance by applying an electric field. If 
a laser-induced electric discharge is induced, greater heat-affected zone and greater amounts of debris are observed, pointing to 
an increased amount of ablated material. Results were independent on the applied voltage polarity, suggesting that there is no 
significant charge separation in the material plasma. 
 
PACS: 42.62.Cf; 52.38.Mf 
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1. Introduction 
Laser micromachining using fs- and ps-lasers is known to achieve high surface qualities at moderate material removal rates of 
some mm3/min [1, 2]. One of the limiting factors for the material removal rate is that within about 1 μs after the laser pulse 
incidence, the material plasma as well as later on the overheated material remain above the ablated area. This limits the 
applicable repetition rate to about 1 MHz [3, 4]. An alternative micromachining process to ultrashort laser ablation is the well-
understood electro discharge machining (EDM). Electric discharges between a working electrode and substrate are used to ablate 
the material. Achievable material removal rates and surface qualities are comparable to ultrashort laser pulse ablation [5, 6]. 
Within the last few years experiments were carried out on laser-stimulated electrical discharge by irradiation of a nano-scale 
electrode [7] or laser-induced electrical discharges combined with ultrashort pulse laser ablation [8]. Mostly AFM tips were used 
as electrodes and the electrode’s potential was negative relative to the substrate. The movement of ablated material was modified 
by electrical discharge, i.e. ablated material was deposited on the electrode. This indicates that material plasma produced by 
ultrashort laser pulse ablation can be accelerated by electrical discharges, when an electron depletion region is induced and 
ablated. 
The first aim of the presented experimental studies was to verify that an electrode of several mm in dimension and being far 
away from the substrate is suitable to induce comparable behavior, i.e. pull ablated material away from the irradiated substrate at 
ambient air atmosphere. This could enable an electrostatic offtake. Potentially this technique is capable of removing ablated 
material fast enough to use higher repetition rates for ultrashort laser pulse micro machining in future. The magnitude of the 
electrical field between electrode and substrate is chosen to either prevent a laser-induced discharge (electrostatic field solely) or 
induce it. The second aim of the studies was to find out whether an electron enhancement zone (positively charged electrode) and 
depletion zone (negatively charged electrode) are both suitable for offtake in metal using electricostatic fields. As electron 
quenching happens at much higher rates in metal compared to semiconductors or dielectrica [9, 10, 11, 12], charge separation 
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during or shortly after irradiation (resulting in positively charged material plasma) does not significantly take place. Thus, results 
should not be dependent on the electrode’s polarity. The third and last aim was to study the influence of the electrostatic field and 
laser-induced discharges on the surface quality of the structures and on the volume of the ablated material. 
2. Experimental setup and procedure 
For the experiments we used a Ti:Sapphire CPA fs-laser “CPA-1000” manufactured by Clark MXR Inc. The pulse duration is 
150 fs at a repetition rate of 1 kHz with a maximum pulse energy of 600 μJ and center wavelength of 800 nm. The laser beam is 
focused onto the substrate using an achromatic lens of 50 mm focal length resulting in a 1/e² spot diameter of approximately 
20 μm. 
The setup of the electrode, the substrate and the incident laser beam is schematically depicted in fig. 1. The copper electrode 
and copper substrate are both of rectangular geometry with dimensions of 60 x 20 x 0.5 mm³. The substrate and the electrode are 
attached to a 5 kV power supply “SMM5N12” by Heim Electronic GmbH. The polarity is changed by swapping the power 
supply connections. The lower copper substrate is clamped on a three-dimensional motion stage allowing movement in x-, y- and 
z-direction. The upper copper electrode is clamped on a linear z-stage. In the middle of the electrode a hole of 2 mm in diameter 
is located. The convergent laser beam is centered on this hole and thus irradiates the underlying substrate. The hole diameter is 
chosen to assure diffraction free transmittance of the laser beam through the hole (maximum laser beam 1/e² diameter being 0.55 
mm at the height of the hole). The focal position zf is changed via the z-position of the substrate, where a negative focal position 
indicates that the focus is below the substrates surface. The separation of the electrode and substrate d is controlled via the 
electrode’s z-position accordingly.  
 
 
 
 
Fig. 1. Schematical layout of the experimental setup. Upper picture: Overview; Lower picture: Sectional drawing
To ensure a sufficiently homogenous electrical field in the vicinity of the substrate surface in face of the hole in the upper 
electrode, simulations of the electrical field were carried out using the software “femm”. The results of this simulation, depicted 
in fig. 2, show that for an electrode-substrate separation d of 4 mm inhomogenities of the electrical field extend only to a distance 
of appr. 3 mm from the electrode. The according electrical field strength at the substrate’s vicinity varies between |E| = 1.21 
kV/mm .. 1.24 kV/mm. Thus, the inhomogenity of the electrical field at the substrate surface can be neglected for a separation d 
= 4 mm. For d = 2 mm, which corresponds to the minimum separation used in the experiments, a slight inhomogenity of the 
electrical field in vicinity of the substrate is present. The electrical field strength at the substrate’s vicinity varies between |E| = 
2.23 kV/mm .. 2.49 kV/mm. As this variation equates only to appr. 10% of the maximum electrical field strength, a resulting 
deformation of the laser-induced discharge (spark) will be marginal. 
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Fig. 2. Results of simulations of electrical field strength |E|. Electrode’s potential is 5 kV, substrate’s potential is 0 V. For air x = 1 was used. Upper picture: 
Separation between electrode and substrate d = 4 mm. Lower picture: Separation between electrode and substrate d = 2 mm
During the experiment, the laser beam is focused onto the substrate at a focal position of zf = -0,1 mm (focus slightly below 
substrate’s surface). The irradiation time t and thus number of pulses is controlled via a mechanical shutter. The upper 
electrode’s potential relative to the substrate is set to -5 kV, 5 kV or 0 V (no voltage applied). The separation between the 
electrode and substrate d is varied between 2 mm and 5.5 mm. Below 2 mm (electrical field strength |E| > 2.5 kV/mm) self-
induced electrical discharges occur. As this is unwanted, separations below 2 mm are not used in the experiments.  
All optical microscopy photographs show the irradiated substrate surface using reflective-light, top-view microscope setup. 
3. Experimental results 
The experimental studies are divided into three sections. The first set of experiments is used to determine values for the 
separation between electrode and substrate d at which either constant electrostatic field or laser-induced discharges occur. The 
second set is used to study the dependence of constant electrostatic fields on recondensated and redeposited material (debris) 
after irradiation. The third set is used to study the influence of either a constant electrostatic field or laser-induced discharges on 
the microstructure of the hole. 
3.1. Influence of separation between electrode and substrate 
Fig. 3 shows the substrate surface after an irradiation time of t = 0.5 s (500 pulses) for electrode voltages of 0 V and 5 kV. The 
separation between the electrode and substrate d is varied when 5 kV voltage is applied to the electrode. As stated in fig. 3, laser-
induced electrical discharges occur for d being 2 mm to 5 mm. At a separation of 5.5 mm (|E|  0.9 kV/mm) and above no 
discharges are observed and a constant electrostatic field can be assumed. 
An increased amount of redeposited material is observed when a laser-induced electrical discharge occurs (fig. 3, d = 2 mm .. 
4,5 mm). This points to a greater amount of ablated material. The diameter of redeposition is raised to about 500 μm. A thin ring 
structure can be identified directly in the vicinity of the hole (diameter appr. 120 μm) when a laser-induced discharge occurs, 
which could wrongly be interpreted as burr and recast. As it will be shown in ch. 3.3, this ring structure represents the presence 
of CuO, pointing to a thermal impact and heat-affected zone, but no burr or recast. 
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Fig. 3. Reflective-light, top-view microscopic photographs of irradiated substrate, varying electrode-substrate separation d. Pulse energy Ep = 510 μJ, focal 
position zf = -0.1 mm, irradiation time t = 0.5 s (500 pulses)
3.2. Influence of constant electrostatic fields on redeposition 
To verify that both an electron depletion and an electron enhancement zone on the substrate may be used to modify the 
ablated material movement by an electrostatic field, d is set to 5.5 mm so that no discharge occurs, and the electrode voltage is 
varied (0V, -5 kV, +5 kV). Additionally the number of laser pulses is varied (by irradiation time) to produce more or less 
recondensating material. The results of these studies are depicted in fig. 4 where the microscopic photographs of the substrate 
surface are shown. Each individual picture shows two holes produced with the same processing parameters. The substrate was 
not cleaned or treated in another way after the irradiation, so that redeposited material can be observed. 
 
 
Fig. 4. Reflective-light, top-view microscopic photographs of irradiated substrate, varying number of pulses and electrode voltage. Pulse energy Ep = 510 μJ, 
focal position zf = -0.1 mm, electrode-substrate separation  d = 5.5 mm. Electrical field |E| = 909 V/mm, when 5 kV are applied to electrode
When no voltage is applied (fig. 4 upper row), redeposition takes place in the vicinity of the structured hole. As more laser 
pulses are applied, more recondensating material is produced and deposited within a diameter of appr. 400 μm around the hole. 
When voltage is applied (fig. 4 both lower rows) recondensated material is deposited at much greater distance. Redeposition 
takes place in a halo-like geometry around the hole, where the diameter varies between 1000 μm to 1400 μm. This effect is 
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independent on the electrode’s polarity, suggesting that charge separation during the ablation process is insignificant for copper 
due to rapid electron quenching after irradiation. This accords to a variety of analytical studies [9, 10, 11]. 
The halo geometry of redeposition can be explained in different ways. One possible explanation we propose is that during 
flight-time, charged, recondensated particles are accelerated due to the part of the electrostatic field being tangential to the 
substrate’s surface (according to simulation appr. 5 V/mm to 10 V/mm). This would also explain the asymmetry of the halo (cp. 
fig. 4 lower right set of pictures) as a result of an irradiation slightly off-center relative to the electrode hole. 
3.3. Influence of constant electrostatic fields and laser-induced discharges on the microstructure 
In the following, all samples are cleaned before microscopic analysis to remove redeposited material. Following procedure is 
used. First, the samples are placed into an ultrasonic water bath for 3 minutes. Second, a polishing disc with a polishing agent of 
1 μm bead size is used for appr. 30 s to remove redeposited material. In a final step, polishing agent residues are removed by 
wiping the sample with pure alcohol. 
Experimental studies comparable to ch. 3.1 are carried out. In fig. 5 microscopic photographs of the substrate surface at an 
irradiation time of 0.1 s (100 pulses) for electrode voltages of 0 V and -5 kV are shown. Fig. 6 shows the same for an electrode 
voltage of 0 V and +5 kV. The separation between the electrode and substrate d is varied when either 5 kV or -5 kV voltage is 
applied to the electrode. An occurrence of laser-induced electrical discharges is denoted in the figures. Dark-grayish regions in 
the vicinity of the structured hole can be accounted for CuO, which is produced at temperatures above 250 °C. Colored regions 
around the dark-grayish CuO represent layers of Cu2O at varying thicknesses, which are produced at temperatures between 
125 °C .. 250 °C. Isochromatic regions thus resemble regions of the same maximum temperature, i.e. the same thermal impact 
[13]. 
 
 
Fig. 5. Reflective-light, top-view microscopic photographs of irradiated substrate varying electrode-substrate separation d. Pulse energy Ep = 510 μJ, focal 
position zf = -0.1 mm, irradiation time t = 0.1 s (100 pulses), electrode voltage V = -5 kV. 
 
 
Fig. 6. Reflective-light, top-view microscopic photographs of irradiated substrate varying electrode-substrate separation d. Pulse energy Ep = 510 μJ, focal 
position zf = -0.1 mm, irradiation time t = 0.1 s (100 pulses), electrode voltage V = +5 kV
As before, the results are fairly independent on the polarity of the electrode. As soon as a laser-induced electrical discharge is 
observed, a distinct heat affected zone (HAZ) can be identified. The diameter of the HAZ (temperature > 125 °C) is at maximum 
350 μm for d being 2 mm. In case of d being 4.5 mm and 5.5 mm the HAZ is comparable to laser irradiation without an applied 
electrode voltage. Though for d being 4.5 mm, a slightly thicker ring of CuO can be observed, pointing to high temperature (> 
250 °C) in the vicinity of the structured hole.  
To clearly review the topography without disturbance by the visible appearance of CuO and Cu2O, SEM photographs are 
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prepared and shown in fig. 7 using the same samples as in fig. 5 and fig. 6. 
 
 
 
Fig. 7. Scanning electron microscopy photographs of irradiated substrate varying electrode-substrate separation d and electrode voltage V. Pulse energy Ep = 
510 μJ, focal position zf = -0.1 mm, irradiation time t = 0.1 s (100 pulses). From top to bottom: 1st row: Top-view, V = -5 kV; 2nd row: sample tilted by 20°, V = 
-5 kV; 3rd row: Top-view, V = +5 kV; 4th row: sample tilted by 20°, V = +5 kV. Different hole geometry in upper six pictures relative to lower six pictures was 
caused by unintended astigmatism in the focused laser beam
The SEM photographs tilted by 20° suggest that there is no significant impact of an electrostatic field on the resulting drill 
wall surface texture. When no laser-induced discharge occurs (|E| = 0.9 kV/mm), no significant change in the topography can be 
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detected. Also, there is no significant dependence on the electrode’s polarity. The thin layer of burr and recast, which is visible 
when no voltage is applied or no discharge occurred, is significantly reduced when laser-induced electrical discharges are 
observed. Since a thermal impact was identified before, it seems that at least a part of the recast layer is melted and redeposited 
in the vicinity of the drill hole. 
4. Discussion and conclusion 
The experimental studies prove that electrodes of several mm in dimension at ambient air atmosphere are suitable to modify 
the motion of copper material ablated of charged substrates. The results were independent on the electrodes polarity, supporting 
the assumption that electron quenching after ultrashort laser pulse irradiation takes place at such high rates in metals that charge 
separation does not take place significantly. Ablated, recondensated and charged copper material was successfully accelerated by 
constant electrostatic fields with magnitudes of 0.9 kV/mm. There was no significant influence on the topography or surface 
structure when no electrical discharge occurred. When laser-induced discharges were observed, a greater diameter of heat-
affected zone and a greater amount of redeposited material occurred. This points to a greater amount of ablated material. Also, 
the thin layer of burr and recast produced by ultrashort laser pulse ablation was partially removed when electrical discharge 
occurred. Up to now, an increase in ablated volume due to laser-induced electrical discharge could not be directly proven by 
microscopic studies. 
As a first conclusion, a hybrid process combining ultrashort laser pulse micro machining and electric discharge machining, 
could offer advantages over the individual processes. A significant reduction of burr and recast was observed, when laser-
induced discharges are used. Also, there is an indication that a higher material removal rate can be reached. As a negative aspect, 
heat-affected zone is enlarged. 
As a second conclusion, macro-scale electrodes inducing electrical fields below the threshold of laser-induced electrical 
discharges are most suitable to realize electrostatic offtake without influence on the resulting topography. By changing the 
geometry and positioning of the electrodes, acceleration of ablated material could be optimized so that offtake tangential to the 
substrate’s surface is realized for instance. This technique is potentially capable of removing material fast enough to use higher 
laser repetition rates for ultrashort laser pulse ablation in future. According to analytical studies by other groups [9, 10, 11, 12], 
the presented results may be transferred to other materials, such as semiconductors and metals. In case of dielectrica charge 
separation directly correlated to ultrashort laser pulse irradiation takes place. Thus, dependence on the electrodes polarity might 
result. This could be used for a more defined modification of recondensated material movement. Appropriate studies are in the 
planning phase. 
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